Highly oxygenated organic molecules (HOMs) are important contributors to secondary organic aerosol (SOA) and new-particle formation (NPF) in the boreal atmosphere. This newly discovered class of molecules is efficiently formed from atmospheric oxidation of biogenic volatile organic compounds (VOCs), such as monoterpenes, through a process called autoxidation. This process, in which peroxyradical intermediates isomerize to allow addition of molecular oxygen, is expected to be highly temperature-dependent. Here, we studied the dynamics of HOM formation during α-pinene ozonolysis experiments performed at three different temperatures, 20, 0 and − 15 • C, in the Aarhus University Research on Aerosol (AURA) chamber. We found that the HOM formation, under our experimental conditions (50 ppb α-pinene and 100 ppb ozone), decreased considerably at lower temperature, with molar yields dropping by around a factor of 50 when experiments were performed at 0 • C, compared to 20 • C. At −15 • C, the HOM signals were already close to the detection limit of the nitrate-based chemical ionization atmospheric pressure interface time-of-flight (CI-APi-TOF) mass spectrometer used for measuring gasphase HOMs. Surprisingly, comparing spectra measured at 0 and 20 • C, ratios between HOMs of different oxidation levels, e.g., the typical HOM products C 10 H 14 O 7 , C 10 H 14 O 9 , and C 10 H 14 O 11 , changed considerably less than the total HOM yields. More oxidized species have undergone more isomerization steps; yet, at lower temperature, they did not decrease more than the less oxidized species. One possible explanation is that the primary rate-limiting steps forming these HOMs occur before the products become oxygenated enough to be detected by our CI-APi-TOF (i.e., typically seven or more oxygen atoms). The strong temperature dependence of HOM formation was observed under temperatures highly relevant to the boreal forest, but the exact magnitude of this effect in the atmosphere will be much more complex: the fate of peroxy radicals is a competition between autoxidation (influenced by temperature and VOC type) and bimolecular termination pathways (influenced mainly by concentration of reaction partners). While the temperature influence is likely smaller in the boreal atmosphere than in our chamber, both the magnitude and complexity of this effect clearly deserve more consideration in future studies in order to estimate the ultimate role of HOMs on SOA and NPF under different atmospheric conditions.
Abstract. Highly oxygenated organic molecules (HOMs) are important contributors to secondary organic aerosol (SOA) and new-particle formation (NPF) in the boreal atmosphere. This newly discovered class of molecules is efficiently formed from atmospheric oxidation of biogenic volatile organic compounds (VOCs), such as monoterpenes, through a process called autoxidation. This process, in which peroxyradical intermediates isomerize to allow addition of molecular oxygen, is expected to be highly temperature-dependent. Here, we studied the dynamics of HOM formation during α-pinene ozonolysis experiments performed at three different temperatures, 20, 0 and − 15 • C, in the Aarhus University Research on Aerosol (AURA) chamber. We found that the HOM formation, under our experimental conditions (50 ppb α-pinene and 100 ppb ozone), decreased considerably at lower temperature, with molar yields dropping by around a factor of 50 when experiments were performed at 0 • C, compared to 20 • C. At −15 • C, the HOM signals were already close to the detection limit of the nitrate-based chemical ionization atmospheric pressure interface time-of-flight (CI-APi-TOF) mass spectrometer used for measuring gasphase HOMs. Surprisingly, comparing spectra measured at 0 and 20 • C, ratios between HOMs of different oxidation levels, e.g., the typical HOM products C 10 H 14 O 7 , C 10 H 14 O 9 , and C 10 H 14 O 11 , changed considerably less than the total HOM yields. More oxidized species have undergone more isomerization steps; yet, at lower temperature, they did not decrease more than the less oxidized species. One possible explanation is that the primary rate-limiting steps forming these HOMs occur before the products become oxygenated enough to be detected by our CI-APi-TOF (i.e., typically seven or more oxygen atoms). The strong temperature dependence of HOM formation was observed under temperatures highly relevant to the boreal forest, but the exact magnitude of this effect in the atmosphere will be much more complex: the fate of peroxy radicals is a competition between autoxidation (influenced by temperature and VOC type) and bimolecular termination pathways (influenced mainly by concentration of reaction partners). While the temperature influence is likely smaller in the boreal atmosphere than in our chamber, both the magnitude and complexity of this effect clearly deserve more consideration in future studies in order to estimate the ultimate role of HOMs on SOA and NPF under different atmospheric conditions.
Introduction
Aerosol particles impact Earth's climate by scattering and absorbing solar radiation and by influencing cloud properties when they act as cloud condensation nuclei (CCN; IPCC, 2013) . Organic compounds contribute significantly to the chemical composition of aerosol, accounting from 20 % to 90 % of the total aerosol mass of submicrometer particles depending on their location on the globe . Submicron organic aerosol is dominantly secondary. Called secondary organic aerosol (SOA), it originates from gas-toparticle conversion from condensable vapors (Hallquist et al., 2009; Zhang et al., 2007) . These vapors are mainly oxidation products of volatile organic compounds (VOCs), having sufficiently low vapor pressure (i.e., volatility) to condense onto aerosol particles (Hallquist et al., 2009) .
In order to interact efficiently with solar radiation or to activate cloud droplets, aerosol particles need to be around 100 nm in diameter or larger (Dusek et al., 2006) . If particles have formed through nucleation processes in the atmosphere (e.g., Kulmala et al., 2013) , their ability to grow to climate-relevant sizes before being scavenged through coagulation is critically impacted by the rate at which low-volatile vapors will condense onto them (Donahue et al., 2013) . Extremely low-volatile organic compounds (ELVOCs), introduced by Donahue et al. (2012) , have the ability to condense irreversibly onto even the smallest aerosol particles and clusters and thus contribute to particle growth. Low-volatile organic compounds (LVOCs), typically more abundant in the atmosphere, are important for the growth of particles larger than a few nanometers (Tröstl et al., 2016) .
Highly oxygenated organic molecules (HOMs; Ehn et al., 2014 Ehn et al., , 2017 Bianchi et al., 2019) were recently identified as a large contributor to ELVOCs and LVOCs and the growth of newly formed particles Tröstl et al., 2016) . First observed in measurements of naturally charged ions in the boreal forest using the atmospheric pressure interface time-of-flight (APi-TOF) mass spectrometer , HOM quantification only became possible through the application of nitrate ion chemical ionization (CI) mass spectrometry (Zhao et al., 2013; Ehn et al., 2014) . Most studies have utilized the APi-TOF coupled to such a chemical ionization source (chemical ionization atmospheric pressure interface time-of-flight: CI-APi-TOF; Jokinen et al., 2012) , and detailed laboratory studies have been able to elucidate the primary formation pathways of HOMs Jokinen et al., 2014; Mentel et al., 2015) . We also note that the HOM-related terminology has evolved over the last years, and here we define HOMs as organic molecules formed through gas-phase autoxidation, containing six or more oxygen atoms.
The main process in HOM formation is peroxy-radical (RO 2 ) autoxidation (Crounse et al., 2013) , which involves an intramolecular H abstraction by the peroxy-radical group to form a hydroperoxide and a carbon-centered radical to which molecular oxygen (O 2 ) can rapidly add to form a new RO 2 with a higher level of oxygenation. The efficiency of this process is mainly determined by the availability of easily "abstractable" H atoms, which are often formed in the ozonolysis of endocyclic alkenes Berndt et al., 2015) . This structural component can be found in many biogenic VOCs, such as monoterpenes, enhancing their role as SOA precursors through efficient autoxidation and HOM formation Jokinen et al., 2014; Berndt et al., 2016) . Peroxy radicals are important intermediates in nearly all atmospheric oxidation processes. The RO 2 that has undergone autoxidation will terminate to closed-shell species in similar ways as less oxidized RO 2 , taking place either by unimolecular processes leading to loss of OH or HO 2 or bimolecular reactions with NO, HO 2 or other RO 2 . The termination pathway strongly influences the type of HOMs that can be formed, with, for example, RO 2 + RO 2 reactions being able to form ROOR dimers and RO 2 + NO often forming organic nitrates Berndt et al., 2018) . All these bimolecular reactions of peroxy radicals, as well as the initial oxidant-VOC reaction, are temperature-dependent. For example, the reaction rate of ozone with α-pinene, a broadly studied SOA-forming system, is 6.2×10 17 (±1.3×10 17 ) cm 3 molecules −1 s −1 at 3 • C and 8.3 × 10 17 (±1.3 × 10 17 ) cm 3 molecules −1 s −1 at 22 • C (Atkinson et al., 1982) . However, the intramolecular isomerization through H shifts is likely to have a much stronger temperature dependence, due to the higher energy barrier for the H shift (Seinfeld and Pandis, 2006; Otkjaer et al., 2018) . For example, Praske et al. (2018) reported theoretical estimates of different H shifts in hexane-derived RO 2 , which increased roughly by a factor of 5 to 10 when the temperature increased by 22 • C (from 23 to 45 • C). Possible changes in HOM formation as a function of temperature are thus expected to derive mainly from changes in the autoxidation process. However, a detailed mechanistic understanding the various autoxidation steps, let alone their temperature dependencies, is still lacking for most atmospheric VOC-oxidant systems, owing partly to the plethora and the complexity of the possible reaction pathways.
Despite recent work in determining the impact of temperature on aerosol formation (Kristensen et al., 2017; Stolzenburg et al., 2018) , literature on corresponding HOM effects is extremely limited. At room temperature (i.e., 20 • C ± 5 • C), HOM molar yields have been estimated to be some percent for most monoterpenes in reactions with ozone or OH Jokinen et al., 2015) . Only very recently, studies were presented with HOM formation experiments conducted at varying temperatures. Stolzenburg et al. (2018) showed that at lower temperatures, the CI-APi-TOF detects much lower HOM concentrations, though no quantitative values on the HOM yields were given. The impact of decreased HOMs on new-particle growth rates was compensated by less oxidized species being able to condense at the lower temperatures. In another study, Frege et al. (2018) also concluded that HOM formation decreased at lower temperatures, but the study was based on observations of naturally charged ions using APi-TOF, complicating the interpretation of HOM formation rates.
In this study, we directly evaluate the impact of temperature on HOM yields in a laboratory chamber during αpinene ozonolysis experiments at 20, 0, and −15 • C. Relative changes in HOM formation are compared between temperatures both for total HOM yields as well as on a molecule-bymolecule basis. The more detailed impact of temperature on the molecular distribution of HOMs is expected to provide new insights into critical steps in the formation pathways.
Methods

The AURA chamber
A detailed description of the Aarhus University Research on Aerosol (AURA) chamber can be found in Kristensen et al. (2017) . Essentially, it consists of a ∼ 5 m 3 Teflon ® bag contained in a temperature-controlled enclosure. Configured in batch sampling mode, the chamber was initially cleaned by flushing at 20 • C with purified ambient air (i.e., filtered air exempt of particles, water vapor, or VOCs, and with reduced NO x concentration), subsequently set to the desired temperature and finally filled with the necessary reagents. Over the course of the experiment, it was progressively emptied due to sampling by the measuring instrumentation. In our experiments, we first added ozone to a concentration of ∼ 100 ppb, provided by an ozone generator (Model 610, Jelight Company, Inc.); then, the oxidation reaction started after the VOC was introduced by vaporization of a calculated volume of liquid reagent (α-pinene or β-pinene) into a hot stream of nitrogen, reaching the desired VOC concentration (10 or 50 ppb).
The ACCHA experiment
The Aarhus chamber campaign on HOMs and aerosols (AC-CHA) experiment aimed to explore oxidation processes and aerosol formation during dark monoterpene ozonolysis at different temperatures, from −15 to 20 • C. The experiments focused on α-pinene oxidation at two different concentrations (10 and 50 ppb) for three different temperatures: −15, 0 and 20 • C. Two additional experiments were conducted with temperatures ramped from the coldest to the warmest or reversely during experiments at 10 ppb of α-pinene. For comparison, fixed temperature runs were also performed using β-pinene, at a concentration of 50 ppb. Ozone (∼ 100 ppb) was used as the main oxidant, but hydroxyl radicals also took part in the oxidation reactions, as OH scavengers were not employed in the experiments discussed here. According to model simulations using the master chemical mechanism v3.3.1 (Jenkin et al., 1997 (Jenkin et al., , 2015 Saunders et al., 2003) , ozonolysis accounted for approximately two-thirds and OH oxidation for one-third of the α-pinene oxidation. A table summarizing the experiments of the campaign can be found in the Appendix (Table A1) .
Instrumentation
The ACCHA experiment involved a diverse set of instruments measuring both the gas phase and the particle phase. The gas-phase instrumentation included a proton-transferreaction time-of-flight mass spectrometer (PTR-TOF-MS; Model 8000-783, IONICON Inc.; Jordan et al., 2009) for measuring the concentrations of the injected VOCs (more data from the PTR-TOF-MS can be found in Rosati et al., 2019) and other volatile products as well as a nitrate-based CI-APi-TOF (TOFWERK AG and Aerodyne Research, Inc.; Jokinen et al., 2012) mass spectrometer, analyzing the highly oxidized organic products of lower volatility (e.g., HOMs). The CI-APi-TOF is described in more detail in the following section. The aerosol phase measurement was done using (1) a nano-condensation nuclei counter (nCNC), being a combination of a particle size magnifier (PSM; Model A10, Airmodus Ltd.) and a condensation particle counter (CPC; Model A20, Airmodus Ltd.), (2) a scanning mobility particle sizer (SMPS; Kr-85 neutralizer -Model 3077A TSI, electrostatic classifier -Model 3082, TSI, nano-water-based CPC -Model 3788, TSI), counting the size-resolved particles from 10 to 400 nm, and (3) a high-resolution time-offlight aerosol mass spectrometer (HR-TOF-AMS; Aerodyne Research, Inc., Jayne et al., 2000) determining the chemical composition of non-refractory aerosol particles larger than ∼ 35 nm. The temperature and relative humidity inside the chamber were monitored using HC02-04 sensors (HygroFlex HF320, Rotronic AG), and the ozone concentration was measured with an ozone monitor (O 3 -42 Module, Environment S.A.).
Measuring highly oxygenated organic molecules in the gas phase
HOMs present in the gas phase were measured using a CI-APi-TOF mass spectrometer. The instrument sampled air about 80 cm from the wall of the chamber via a 3/4 inch tube directly connected to the CI-APi-TOF, which was located outside the chamber enclosure (∼ 20 • C at all times). The sheath air (taken from a compressed air line) was 30 L min −1 , and the total flow (generated by the house vacuum line) was 40 L min −1 . The ∼ 1 m long inlet had a flow of 10 L min −1 generated by the difference between the sheath and total flows. With such a tube length and flow, roughly half of the HOMs are expected to be lost to the walls of the inlet lines. The CI-APi-TOF is described by but also briefly presented here. Strong acids and highly oxygenated organic molecules have been shown to cluster efficiently with nitrate ions Hyttinen et al., 2015) . Nitrate ions (i.e., NO − 3 , HNO 3 NO − 3 , and (HNO 3 ) 2 NO − 3 ), produced by exposure of nitric acid va-pors to soft X-ray radiation, were electrostatically introduced into the sample flow of 10 L min −1 with a reaction time of roughly 200 ms at atmospheric pressure. The ions, clustered with NO − 3 , were sampled through a 300 µm critical orifice into the atmospheric pressure interface (APi), where they were guided and focused by two segmented quadrupole chambers with gradually decreasing pressures (∼ 2 and ∼ 10 −2 mbar). Finally, an ion lens assembly, at ∼ 10 −5 mbar, guided the ions into the time-of-flight (TOF) chamber (∼ 10 −6 mbar) where they were orthogonally extracted and their mass-to-charge ratios determined. The detected signal of each ion is then expressed as counts per second (cps) or counts per second normalized by the sum of reagent (nitrate) ions (norm. cps). More details about the APi-TOF itself can be found in Junninen et al. (2010) . Quantification of HOMs remains challenging, and, in this work, we aim at explaining the relative changes of HOMs measured at different temperature rather than focusing on their absolute concentration. However, in some instances we also estimate absolute quantities by applying a calibration factor C = 1.65 × 10 9 molecules cm −3 , (see Jokinen et al., 2012, for details on C). This translates to ∼ 70 ppt of HOMs per normalized count. As no calibrations were performed during the ACCHA experiments, the value was taken from a sulfuric acid calibration (methodology according to Kürten et al., 2012) performed during an earlier measurement campaign. While associated with a large uncertainty (estimated to be at least −50 %/+100 %) using this value, we obtained HOM molar yields (as described in later sections) of a similar range as earlier studies Ehn et al., 2014) . We estimated a detection limit from our experimental data at the lowest temperature to be roughly 10 −5 normalized counts, which corresponds to ∼ 10 4 molecules cm −3 .
HOM dynamics in a batch mode chamber
Being configured in batch mode, without active mixing, the AURA chamber is a dynamic reactor where concentrations of products are a function of cumulative sources and cumulative sinks from the start of the experiment. In the case of HOMs, their lifetime in the gas phase must be short due to their low vapor pressure and, thus, their fast condensation. This means that the measured HOM concentrations are mainly the result of production and loss having occurred within the previous minutes, as described in more detail in the following section.
The temporal change in HOM concentrations (i.e.,
d[HOM] dt
) can be expressed as the sum of the production terms and loss terms. The HOM formation is governed by the VOC reaction rate, while the loss is dominated by condensation onto particles or walls. For the yield estimation analysis, we focus mainly on the high concentration experiments (i.e., [αpinene] = 50 ppb), where the high condensation sink (CS; on the order of 0.1 s −1 ) will dominate over the wall loss rate. In a smaller chamber with active mixing, the wall loss rate for low-volatile species has been estimated to be around 10 −2 s −1 , and in the AURA chamber we expect it to be much slower, likely on the order of 10 −3 s −1 . Since experiments performed at lower temperatures would reduce the vapor pressure of the resulting oxidized products and form more SOA than in warmer conditions, the variation of the condensation sink was considered in our analysis, as we expect higher CS values at lower temperatures.
Therefore, we can formulate a simplified expression as in the following equations:
.
(2)
Herein, γ HOM corresponds to the HOM yield. The temperature-dependent rate constant of αpinene ozonolysis, k, was taken to be 8.05 × 10 −16 e −640/(273.15+T ) cm 3 molecules −1 s −1 , where T is the temperature in degrees Celsius (Atkinson, 2000; Calvert et al., 2002) . Since the majority of HOMs are irreversibly lost upon contact with a surface , the CS represents the total sink at a time t. The CS was estimated using the measured particle number size distributions from the SMPS (Dal Maso et al., 2005) . The molecular properties that govern the CS are the mass accommodation coefficient, the molecular diffusion coefficient, and the mean molecular speed. Based on the work by Julin et al. (2014) , the mass accommodation coefficient was set to unity. The molecular diffusion coefficient was calculated using Fuller's method (Tang et al., 2015) , and the mean molecular speed was calculated using kinetic theory. Both the molecular diffusion and speed depend on molecular composition and on the absolute temperature during the experiments. 3 Results and discussion 3.1 Effect of the temperature on the CI-APi-TOF
Since this work targets the variation of HOMs in relation to temperature, it is necessary to assess the reliability of the CI-APi-TOF measurement towards temperature variations. The sensitivity towards a certain molecule depends, by approximation, on the charging efficiency in the CI inlet and the transmission efficiency of the sampled ion in the APi-TOF. The charging efficiency of an HOM is primarily determined by the stability of the HOM · NO − 3 cluster relative to the HNO 3 · NO − 3 cluster (Hyttinen et al., 2015) , and we do not expect temperature to cause a large difference in this behavior. However, the transmission can be sensitive to small changes, and especially pressures inside the instrument are important to monitor, as the optimal voltages guiding the sampled ions through the instrument have been tuned for specific pressures. The pressures of the two quadrupole chambers (named SSQ and BSQ, where the pressure dependence is the largest) as well the total ion count (TIC; i.e., sum of all signals), the reagent ion count (RIC; i.e., sum of nitrate ion signals), and the contributions of each nitrate ion signal are presented in Fig. 1 . The SSQ pressures (Fig. 1a ) were found to be relatively stable (average: ∼ 2.07 mbar), and the BSQ averaged pressure (Fig. 1b) was ∼ 3.3×10 −2 mbar; these are typical values for this instrument. Unfortunately, the other instrumental pressures (i.e., ion lens assembly chamber or TOF chamber) were not recorded due to sensor failures. However, as these chambers are at low enough pressures that ion-gas collisions are very rare, any possible small variations in the pressures are unlikely to affect our results. When going from the coldest temperature (−15 • C) to the highest (20 • C), in a continuous temperature ramp, the SSQ pressure decreased by ∼ 0.01 mbar, corresponding to a relative change of 0.5 % (Fig. 1a ). Over the same temperature range, the pressure within the second chamber (BSQ) decreased by ∼ 1.5 × 10 −3 mbar (∼ 4.5 %) when the temperature varied by 35 • C (Fig. 1a ). The same characteristics were observed when comparing across experiments performed at constant temperatures and for the continuous temperature ramping experiments. The SSQ pressure values below 2.02 mbar at −15 and 20 • C, corresponding also to the lowest BSQ pressures measured, were related to particularly low ambient pressures (∼ 981.8 mbar). Thus, the effect of temperature within the AURA chamber caused only small variability in the internal pressures than ambient pressure changes.
The RIC signal (Fig. 1c ) stayed within the range 5-7 × 10 4 cps, with its lowest values observed at −15 • C. The comparatively larger increase in TIC at the highest temperature is mainly explained by the fact that much higher HOM concentrations were formed at 20 • C compared to lower temperature experiments, and the transmission at the HOM mass range is generally higher than in the region of the reagent ions Ehn et al., 2011; Heinritzi et al., 2016) . We conclude from the above investigations that changes on the order of tens of percent, based on the variation in RIC, occurred in our instrument as the AURA chamber temperature was varied and that only signal changes larger than this should be attributed to actual perturbations of the chemistry taking place in the chamber. 3.2 Ozonolysis reaction in the AURA chamber: a typical α-pinene experiment at 20 • C Selected gas-phase precursors and products, including aerosols, for a high-load (i.e., 50 ppb) α-pinene oxidation experiment at 20 • C (during 12 January 2017) are shown in Fig. 2 . The steep increase in α-pinene concentration, measured by PTR-TOF-MS, indicates the start (defined as time 0) of the oxidation reaction experiment (Fig. 2a ). The formed aerosol products, i.e., the particle number and aerosol mass, are presented in Fig. 2c . Herein, we observe an increase in the aerosol mass over the first 2 h of the experiment, whereas the particle number concentration plateaued in the first 10 min after VOC injection. On the other hand, the HOM signals (Fig. 2b) show a large increase immediately as the VOC was injected. A smaller increase was also observed when the ozone was introduced, most likely due to residual volatiles reacting with ozone inside the chamber. After the first 10 min, HOM signals start to decrease as the CS (Fig. 2d ) rapidly increases under these high aerosol loads. After the first half hour, the CS only changes by some tens of percents, while the VOC oxidation rate (gray crosses in Fig. 2b ) decreases around 1 order of magnitude over the following hours of the experiment. Therefore, concentrations of low-volatile HOMs should largely track the decay rate of the VOC oxidation rate, which is also observed. We observe a slower decay of HOM monomers than dimers, suggesting that some of the monomers may be semi-volatile enough to not condense irreversibly upon every collision with a surface and/or that the VOC oxidation rate also influences the formation chemistry, as discussed in more detail in later sections. For a more detailed investigation at the HOM formation upon the reaction between ozone and α-pinene, we compare compounds observed in the range between 300-600 Th (Thomson) by the CI-APi-TOF during a background measurement before and from 40 to 120 min after α-pinene injection for each temperature (Fig. 3) . The largest HOM signals, highlighted in darker colors, are primarily observed at the highest temperature in the monomer area (300-375 Th). The dimer signals (between 450-600 Th) are smaller but still contribute significantly to the total HOM concentration. With the exception of the −15 • C experiment where HOM dimers already reach the background level after 10 min, all molecules selected as representative HOMs are present in all spectra. The detailed peak list of HOM compounds, selected for their high signal intensity, including exact masses and elemental compositions, is provided in the Appendix (Table A2 ).
Effect of the temperature on measured HOMs
We performed a total of 12 α-pinene ozonolysis experiments, with seven at high loading (i.e., [α-pinene] = 50 ppb); out of these, two were conducted at 20 • C, two at 0 • C, and three at −15 • C. Three experiments were performed with [αpinene] = 10 ppb -one for each aforementioned temperature. Experiments with 50 ppb of β-pinene were also performed at the same three temperatures (see Table A2 ). An overview of HOM measurements for the different experiments is shown in Fig. 4 , with distinction between HOM monomers (Fig. 4a ) and dimers (Fig. 4b) as defined earlier.
For a similar experiment type (i.e., same initial VOC concentrations), it can be seen that the resulting HOM concentrations were considerably impacted by the temperature at which the oxidation reaction occurred. The signal intensity for HOM monomers from α-pinene measured 30 min after the VOC injection was roughly 2 orders of magnitudes higher at 20 • C compared to 0 • C and about 3 orders of magnitude higher compared to the −15 • C experiment. Very similar behavior is observed with respect to temperature for the dimer species as well, but with the differences that (1) fewer dimers are found in comparison to the HOM monomers and (2) HOM dimer concentrations are found to decrease at a faster rate during the experiment. The faster decrease in dimers compared to monomers results either from a lower production or a higher loss of dimers towards the end of the experiments. We expect that the reduced [α-pinene] and [O 3 ], leading to slower oxidation rates and consequently lower [RO 2 ], will have a greater impact on the dimers than the monomers, as the formation rate of dimers is proportional to [RO 2 ] 2 , while monomers can still be formed efficiently via other RO 2 termination pathways, as discussed earlier.
When comparing the high (50 ppb) and low (10 ppb) loading α-pinene experiments, HOM signals were within the same range of concentration and even higher at 0 • C; the HOM were even more abundant in the low initial VOC concentration. Although this result may seem surprising at first, it only verifies our assumptions in Eq. (1) that the HOM concentration is a relatively simple function of formation and loss rates. Despite the fact that the low-concentration experiments had a [VOC] that was 5 times lower (and consequently an HOM formation rate that was 5 times lower), the conden- sation sink, being the primary loss for HOMs, was ∼ 8 times lower due to reduced aerosol formation. In other words, the loss rates decreased more than the formation rate when the precursor concentration was lowered, resulting in an increase in [HOM] .
Finally, the use of β-pinene as the HOM precursor produced significantly fewer HOMs, with concentrations being more than a factor of 10 lower compared to experiments performed with α-pinene at the same conditions. This agrees with earlier studies Ehn et al., 2014) which showed clearly lower HOM yields for β-pinene compared to α-pinene ozonolysis. The difference is primarily attributed to the exocyclic double bond in β-pinene. Note that the β-pinene HOM concentrations at the lowest temperature, −15 • C, were below the instrumental limit of detection.
Yield estimation and temperature influence for molecule-specific HOMs
We determined yield estimates, individually for each HOM of interest, from the results of a robust linear fit as described in the Methods section and Eq.
(2), taking into account the difference in CS between the different temperatures. In fact, we considered the higher CS for lower temperature experiments. Examples of calculated CSs, from the measured particle size distribution data, are shown for few experiments in the Appendix (Fig. A1) . The yield estimation was performed with a fit with data points averaged by 2 min from 40 to 120 min after the VOC injection. These results are shown in Fig. 5, with fit examples shown for C 10 H 14 O 9 and C 19 H 28 O 12 in the insets. As expected, based on Fig. 4 , the retrieved yield (γ HOM ) values decrease considerably with colder reaction conditions, with a total HOM yield (i.e., sum of the individual yields for each temperature) found to be 5.2 % at 20 • C, 0.10 % at 0 • C, and 6.3 × 10 −3 % at −15 • C. We again emphasize the large uncertainties in these molar yield estimations, but the HOM yield values for T = 20 • C agree with earlier reported values (e.g., Ehn et al., 2014; Jokinen et al., 2014; Sarnela et al., 2018) . As the largest contribution to the HOM yield comes from the least oxidized monomers (e.g., high signal intensity at 308 and 310 Th for C 10 H 14 O 7 and C 10 H 16 O 7 , respectively), the molar yield may be slightly overestimated, especially at 20 • C, due to the loss rates possibly being lower than assumed if these HOMs are not condensing irreversibly onto the aerosol. γ HOM values are on average higher for HOM monomers than for dimers, with the overall shape of the distribution closely resembling the mass spectrum in Fig. 3 . We performed the same calculation for the experiment where [α-pinene] = 10 ppb and found total HOM yields in the same range as the numbers found at 50 ppb, considering our estimated uncertainty: 8.8 % at 20 • C, 0.25 % at 0 • C, and 5.5 × 10 −3 % at −15 • C. The slightly higher values may indicate that at the higher loadings, bimolecular RO 2 termination reactions are already occurring so quickly that autoxidation is hampered. The total HOM yield when going from 20 to 0 • C decreased by a factor 50 at the higher loading, while the corresponding value at lower loading was 35.
While Fig. 5 showed the estimated yields for every HOM at every temperature probed, specific chemical compositions cannot be read from the plot. In order to assess the impact of temperature on the yield of HOMs based on each elemental composition, Fig. 6 depicts, for each compound, the ratio of the yield at 0 • C (Fig. 6a ) or −15 • C (Fig. 6b ) compared to the yield at 20 • C for high-load experiment of α-pinene ozonolysis. In Fig. 6a , many larger squares are observable, indicating a good reliability of our comparison analysis, but in Fig. 6b , it is clear that the HOM concentrations at the lowest temperature were too low to provide much reliable compound-specific information. From Fig. 6a we see no clear trend in the yield change for any column (i.e., change in oxygen content HOMs with a given amount of C and H). The HOM yield ratios between the two temperatures are primarily within 10 −2 -10 −1 , meaning that the molecule-specific yields dropped to between 1 %-10 % when temperature decreased from 20 to 0 • C. If autoxidation of RO 2 decreased this considerably, one could have expected the more oxygenated HOM to decrease more than the less oxygenated ones. However, this did not seem to be the case, as, for example, some of the most abundant HOMs, C 10 H 14 O 7 , C 10 H 14 O 9 , and C 10 H 14 O 11 , seemingly decreased by the same amounts.
In Fig. 7 , we show the HOM signal intensities, molecule by molecule, based on m/z (Fig. 7a ) and on the O : C ratio (Fig. 7b ) from the 20 • C experiment compared to the one at 0 • C. While there is scatter observable between individual HOMs, the vast majority of compounds fall close to the 1 : 50 line, when compared to the distance between the red and the black line. Additionally, the points with the largest scatter (e.g., > 50 % from the 1 : 50 line) show no trends as a function of oxygen content, which also agrees with our observations from Fig. 6 . One possible interpretation of this is that the rate-limiting step in the autoxidation chain takes place in RO 2 radicals with six or fewer O atoms, which are not detected with our CI-APi-TOF, while the later H-shift reactions are fast enough that other reactions still do not become competitive. These "non-HOM" RO 2 radicals may then also be key molecules for determining the final branching leading to the different observed HOMs with seven or more O atoms. This may shed light on one of the main open challenges (Ehn et al., 2017) in understanding HOM formation, namely how RO 2 radicals with, for example, 6, 8, and 10 O atoms can form within a second, yet the relative distribution of these three does not change if the reaction time is allowed to increase . Since the O 10 -RO 2 (or its closed-shell products) are not seen accumulating over time, our results here provide support for a pathway where the O 6 -RO 2 and O 8 -RO 2 are to some extent "terminal" products incapable of further fast H-shift reactions, while the O 10 -RO 2 has been formed via another branch of the reaction where the autoxidation is able to proceed further. In this branch, the O 6 -RO 2 and O 8 -RO 2 are likely only short-lived intermedi-ates. While in no way conclusive, this highlights the need for fast measurements of HOM formation as well as improved techniques for observing less oxidized RO 2 radicals.
The only compound group where a slight signal decrease can be seen as a function of O atom content is the C 20 H 30 dimers. Interestingly, these also show some of the smallest yield ratios of all compounds. At the same time, the level of C 18 -dimers appears to drop for most of all compound groups, potentially suggesting that the mechanism through which carbon atoms were lost on the way to the C 18 dimers was sensitive to temperature, and at 0 • C the fragmentation was less prominent. It is conceivable that the different branching at 0 • C caused some of the C 18 -dimer precursors to form C 20dimers instead. However, this issue would need more detailed experiments in order to be verified.
The decrease in HOM yield due to slower RO 2 H-shift rates at lower temperatures was found to be very dramatic under our conditions. However, the exact magnitude of this decrease in HOM yield is determined by the processes competing with the H shifts. Under our conditions, the RO 2 lifetime is kept quite short, both due to bimolecular (RO 2 + RO 2 or RO 2 + HO 2 ) reactions and collisions with particles, and therefore any reduction in H-shift rates can strongly reduce the HOM yield. Inversely, under very low loadings, the RO 2 lifetime may be long enough that the temperature decreases from 20 to 0 • C may cause much smaller changes in the HOM yields. If the lifetime of RO 2 radicals is clearly longer than the time needed for multiple consecutive H shifts to take place, HOM yields would decrease only marginally with temperature. In the atmosphere, the RO 2 lifetime will often be governed by NO, which means that an intricate dependence of HOM yields as a function of temperature, VOC type, VOC oxidation rate, and NO x can exist.
Conclusion
We presented laboratory studies of HOM formation from monoterpene ozonolysis at different temperatures (20, 0, and −15 • C). Our main insight is that temperature in the studied range considerably impacted the HOM formation, decreasing the observed HOM yield by around 50-fold upon a decrease by 20 • C. The exact temperature dependence of HOM formation is likely both VOC-and loading-dependent, due to the competition between autoxidation and termination reactions, and will likely be smaller at lower loadings. While autoxidation is expected to decrease with temperature, our result is still striking, as it takes place over a temperature range which is atmospherically relevant to areas where monoterpene emissions are abundant, e.g., the boreal forest. One important observation when decreasing the temperature was that we found no clear trends of more oxygenated HOMs decreasing more than the less oxygenated ones. This, in turn, suggested that the autoxidation for the species with ∼ 6 oxygen atoms to species with ∼ 10 oxygen atoms was not strongly impacted by the colder temperature in our experiment. This meant that the total HOM yield, as well as the final HOM distribution, was mainly determined by the first H-shift steps, i.e., in the region where the CI-APi-TOF is unable to measure. This highlights the need for more comprehensive observations of autoxidation, allowing direct observations of the critical steps determining the HOM yields and, subsequently, the production rate of low-volatile organic compounds able to form secondary organic aerosol. (Jenkin et al., 1997 (Jenkin et al., , 2015 Saunders et al., 2003) . Figure A1 . Comparison of the calculated condensation sinks during selected ACCHA runs. Data are shown from 20 to 120 min after αpinene injection for experiments performed at 50 ppb at 0 • C (16 January 2017; green crosses) and 20 • C (12 January 2017; orange crosses) and at 10 ppb at 20 • C (12 December 2016; orange circles).
